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We have developed two sets of Campylobacter shuttle vectors containing either the gfp (green fluorescent pro-
tein), yfp (yellow fluorescent protein), or cfp (cyan fluorescent protein) reporter gene. In one set, the reporter
gene is fused to a consensus Campylobacter promoter sequence (Pc). The other set contains a pUC18 multi-
cloning site upstream of the reporter gene, allowing the construction of transcriptional fusions using known
promoters or random genomic fragments. C. jejuni cells transformed with the Pc fusion plasmids are strongly
fluorescent and easily visualized on chicken skin, on plant tissue, and within infected Caco-2 cells. In each C.
jejuni strain tested, these plasmids were maintained over several passages in the absence of antibiotic selection.
Also, in many C. jejuni strains, >91% of the cells transformed with the Pc fusion plasmids remained fluorescent
after several days. Experiments with yellow fluorescent and cyan fluorescent C. jejuni transformants suggest
that aggregates containing two or more strains of C. jejuni may be present in an enrichment broth culture.
Colonies arising from these aggregates would be heterologous in nature; therefore, isolation of a pure culture
of C. jejuni, by selecting single colonies, from an environmental sample may not always yield a single strain.

The gram-negative bacterium Campylobacter jejuni is a com-
mensal organism in a wide variety of animals, including cattle
and swine, and in birds, such as poultry (10, 36). In humans,
however, C. jejuni is a leading cause of acute inflammatory
enteritis. Inflammation and diarrhea are thought to be due to
the adherence of C. jejuni to the colonic mucosa and the in-
vasion of human epithelial cells (48). Some complications as-
sociated with this enteritis, such as Guillain-Barré syndrome
(20, 22, 51), a disease of the peripheral nervous system, are
potentially fatal. While many cases of C. jejuni enteritis are
caused by contaminated meat, untreated water, or raw milk
(14), the primary route of infection is through improperly
handled or undercooked poultry (36, 37). C. jejuni has been
detected on raw chicken carcasses, and close to 100% of retail
broiler chickens are contaminated with this bacterium (37).

In order to understand the pathogenicity of C. jejuni, it is
important to examine the adherence of the organism to both
poultry carcasses and human gastrointestinal epithelia, as well
as the invasion of human epithelial cells. Several different
methods have been developed for detecting C. jejuni adher-
ence and invasion, including indirect immunofluorescence (21,
24), electron microscopy (11, 26, 35), radiolabeling of bacteria
(15, 26, 35), Giemsa staining (17), acridine orange-crystal vio-
let staining (16, 21, 23), and Nomarsky differential interference
contrast-UV incident-light microscopy (6). While these meth-
ods successfully detect adherent and internalized C. jejuni, they
have several limitations which decrease their versatility in in
vivo studies. Many of the procedures listed above are destruc-
tive, time-consuming, or difficult to perform or cannot be
used on fresh tissue. The signal from radiolabeled C. jejuni
cells or C. jejuni cells stained with DNA intercalating dyes
(e.g., Hoechst or DAPI [49, 6-diamidino-2-phenylindole]) will
become diluted over time due to cell division. The fluorescent

labeling of bacterial membrane proteins using fluorescein iso-
thiocyanate is subject to similar dilution. In addition, because
these fluorescent compounds are extrinsic, they can be irre-
versibly photobleached. Finally, the differentiation of indi-
vidual Campylobacter strains is not possible using fluores-
cent antibody conjugates due to the lack of fine specificity of
the antibodies.

An ideal method for studying adherence and invasion uses
an intrinsic tag, in which both extracellular and intercellular
bacterial cells can be detected in real time without the neces-
sity of a secondary substrate. Bacteria can be tagged by trans-
forming the cells with plasmids that contain a constitutively
expressed reporter gene fusion. Several reporter genes (e.g.,
lacZ, luxAB, and cat) have been shown to function in C. jejuni
(1, 33, 34, 49). However, these reporter genes require the
addition of an exogenous substrate. The green fluorescent pro-
tein (GFP) of Aequorea victoria, encoded by the reporter gene
gfp, fluoresces in the absence of any added cofactor or sub-
strate (7) and can be expressed in a wide variety of bacterial
species (44). GFP is very stable and resistant to photobleaching
(7). The intrinsic fluorescence and stability of GFP permit the
nondestructive visualization of gfp-containing cells, even in
complex environments. Additionally, several GFP alleles exist
in which the emission spectrum of the protein has been shifted,
resulting in a blue fluorescent protein (BFP) (fluorescence
maximum wavelength [lmax] 5 440 nm), a cyan fluorescent
protein (CFP) (fluorescence lmax 5 477 nm), or a yellow
fluorescent protein (YFP) (fluorescence lmax 5 527 nm) (42).

Plasmids are available that contain gfp fused to a strong or
constitutively expressed promoter (9, 18, 29, 31, 32); however,
these plasmids are not suitable for use in C. jejuni because the
origins of replication and antibiotic resistance genes (e.g., bla
and neo) present on these plasmids do not function in Campy-
lobacter (19, 27, 50). Shuttle vectors that function in C. jejuni
and other Campylobacter species have been constructed (34,
46, 47, 50). These vectors contain a Campylobacter-derived
chloramphenicol or kanamycin resistance gene and two repli-
cation regions, the Escherichia coli ColE1 replicon and the
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replication region from a Campylobacter coli plasmid (41),
allowing these vectors to be maintained in both C. jejuni and E.
coli.

For experiments in vivo, the promoter fused to gfp on the
marker plasmid should be strong and insensitive to most reg-
ulatory signals. Many E. coli promoters, including several
strong, well-characterized promoters (e.g., Plac), do not func-
tion in C. jejuni (39, 49). Several C. jejuni promoters have been
characterized (1, 2, 40); however, many are environmentally or
nutritionally regulated. Recently, Wösten et al. compared sev-
eral C. jejuni promoters and determined a putative promoter
consensus sequence (49). Presumably, gfp fused to this consen-
sus sequence would be constitutively expressed at a high level
in the absence of any added protein-binding sites.

In this report we describe the construction of two sets of C.
jejuni shuttle vectors containing the gfp, yfp, or cfp reporter
gene. One set of plasmids contains the pUC18 polylinker up-
stream of the reporter gene. The other set contains a consti-
tutively expressed transcriptional fusion consisting of a Campy-
lobacter consensus promoter sequence fused to the reporter
gene. These plasmids are maintained over several passages in
the absence of antibiotic selection. Additionally, in many trans-
formed C. jejuni strains, .91% of the cells remained fluores-
cent after being subcultured for 7 to 10 days. The construction
and use of these plasmids in attachment and invasion studies
are discussed.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and chemicals. C. jejuni ATCC 43446
(Table 1) was obtained from P. Guerry, Naval Medical Research Institute
(NMRI), Bethesda, Md., and was isolated from human feces. C. jejuni RM1221
(Table 1) was isolated from a 1 M NaCl wash of a store-bought chicken carcass.
C. jejuni D781 (Table 1) was originally isolated from a chicken cloaca and was
obtained from R. Meinersmann, USDA Agricultural Research Service, Athens,
Ga. Spontaneous streptomycin-resistant (Smr) mutants of RM1221 were isolated
by plating 109 to 1010 CFU of RM1221 per ml on brucella agar (BA) amended
with 100 mg of streptomycin per ml (BA-SM). After 48 h, several colonies
appeared; three of these putative Smr RM1221 colonies were restreaked twice on
BA-SM. Smr colonies from these plates were designated RM1221S.

C. jejuni was routinely cultured at 42°C under microaerophilic conditions (5%
O2, 10% CO2, and 85% N2) on BA supplemented with 0.025% FeSO4 z 7H2O,

0.025% sodium metabisulfite (anhydrous), and 0.025% sodium pyruvate (anhy-
drous).

Restriction and DNA-modifying enzymes were obtained from New England
Biolabs (Beverly, Mass.) or Roche Molecular Biochemicals (Indianapolis, Ind.).
Oligonucleotides were purchased from Oligos Etc. (Wilsonville, Oreg.) or Inte-
grated DNA Technologies, Inc. (Coralville, Iowa). All chemicals (unless speci-
fied otherwise) were purchased from Sigma Chemicals (St. Louis, Mo.) or Fisher
Scientific (Pittsburgh, Pa.). Alexa Fluor 546 conjugates, Alexa Fluor 568 conju-
gates, BODIPY 650/665 conjugates, and SYPRO Red protein gel stain were
purchased from Molecular Probes (Eugene, Oreg.).

Preparation of polyclonal anti-Campylobacter antiserum. C. jejuni strain
RM1221 was grown on BA. A suspension of 2 3 107 CFU/ml in sterile phos-
phate-buffered saline (PBS) was prepared, and 0.5 ml was injected into the ear
vein of a New Zealand White rabbit. The rabbit was immunized again at 4 and
8 weeks with 2 3 108 CFU of the same strain (per ml) that had been stored at
220°C and then thawed. Serum was collected and fractionated by precipitation
with saturated ammonium sulfate (50% [vol/vol] final), followed by DEAE col-
umn chromatography. The fractions containing predominantly immunoglobulin
G (IgG) were pooled and designated anti-Cj IgG.

Culture of Caco-2 cells. Caco-2 cells, derived from a human colonic carcinoma,
were obtained from the American Type Culture Collection (ATCC HTB-37).
The cells were routinely cultured in Eagle’s minimum essential medium with
Earle’s salts and amended with 2 mM L-glutamine, 20% fetal bovine serum,
nonessential amino acids (0.1 mM [final concentration]), and sodium pyruvate (1
mM [final concentration]).

Bacterial transformation. Plasmid DNA was mobilized into the C. jejuni strain
RM1221S by triparental mating using a green, yellow, or cyan fluorescent E. coli
DH5a transformant as the donor strain and DH5a(pRK2013) as the helper
strain. Overnight RM1221S cultures were restreaked onto fresh BA-SM medium
and grown for 9 h as described above. After 9 h, cells were removed and
resuspended in PBS to an optical density at 600 nm (OD600) of 1.0. Overnight
cultures of the donor and helper E. coli strains were subcultured into fresh Luria
broth and grown to an OD600 of ca. 1.2. Cells were mixed at a ratio of either
1:1:10 or 1:1:100 (donor/helper/recipient), spotted onto BA plates, and incubated
overnight at 42°C under microaerophilic conditions. The mating spots were then
resuspended in PBS and centrifuged for 40 s at 3,000 3 g to pellet the E. coli
cells. The supernatant was removed and plated onto BA amended with 100 and
200 mg of streptomycin and kanamycin, respectively, per ml. The plates were
examined after 2 to 3 days for the appearance of fluorescent C. jejuni colonies.

Construction of the gfp plasmids pWM1001 and pWM1007. Plasmid
pWM1001 was constructed by creating a unique PspOMI site in pMW10 (49) and
then inserting the NotI-ended gfp promoter-probe cassette from pNH18/8 (30)
into that PspOMI site. To create the PspOMI restriction site, oligonucleotide
BspEco (Table 2) was first self-annealed to form a double-stranded (ds) adaptor.
pMW10 was digested with EcoRI, and the 7,170-bp fragment, containing the
origin of replication and Kmr gene, was ligated to the ds adaptor. To generate a
constitutively expressed gfp fusion, a ds adaptor was synthesized that contains a
promoter sequence based on the C. jejuni consensus promoter of Wösten et al.

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Description Reference or source

Strains
ATCC 43446 C. jejuni, serotype O:19 P. Guerry; isolated from human feces
RM1221 C. jejuni This study; isolated from a chicken carcass
RM1221S Smr mutant of RM1221 This study
D781 C. jejuni, serotype O:2,33 R. Meinersmann; isolated from a chicken cloaca
43446gfp ATCC 43446(pWM1007) This study
43446yfp ATCC 43446(pWM1008) This study
43446cfp ATCC 43446(pWM1009) This study
1221gfp RM1221(pWM1007) This study
1221yfp RM1221(pWM1008) This study
1221cfp RM1221(pWM1009) This study
781gfp D781(pWM1007) This study
781yfp D781(pWM1008) This study
781cfp D781(pWM1009) This study

Plasmids
pRK2013 IncP Kmr Tra RK21 DrepRK2 repE11 12
pMW10 Kmr Mob1 repB lacZ oriV 49
pWM1001 Kmr; pMW10 DlacZV[(T1)4-gfp-T1] This study
pWM1007 Kmr; pMW10 DlacZV[(T1)4-Pc-gfp-T1] This study
pWM1008 Kmr; pMW10 DlacZV[(T1)4-Pc-yfp-T1] This study
pWM1009 Kmr; pMW10 DlacZV[(T1)4-Pc-cfp-T1] This study
pWM1011 Kmr; pMW10 DlacZV[(T1)4-yfp-T1] This study
pWM1012 Kmr; pMW10 DlacZV[(T1)4-cfp-T1] This study
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(49). The promoter sequence contains most of the consensus elements as de-
scribed (49); however, minor modifications were made in the nonconsensus bases
in order to minimize RNA secondary structure. The sequence of the ds adaptor,
between the BamHI- and EcoRI-compatible ends, is 59 GTTATTTTAAGTCT
TAGTTTAGTTTTTTTGGTATAATTA 39. This adaptor was ligated into
BamHI-, EcoRI-digested pWM1001 to create the plasmid pWM1007 (Fig. 1).

Construction of yfp plasmids pWM1008 and pWM1011. pWM1007 was mu-
tagenized using the GeneEditor in vitro site-directed mutagenesis system (Pro-
mega, Madison, Wis.) with oligonucleotides YFP1 and YFP2 (Table 2) as the
mutagenesis oligonucleotides. The manufacturer’s suggested protocol was fol-
lowed with two exceptions: no antibiotic selection oligonucleotides were used
and the BMH71-18mutS and JM109 transformants were not incubated with the
antibiotic selection mix; instead, the JM109 transformants were examined on
agar plates with an MZ-FLIII fluorescence stereomicroscope (Leica Microsys-
tems Heidelberg GmbH, Heidelberg, Germany) equipped with a 41017 Endow
GFP filter set (Chroma Technology Corp, Brattleboro, Vt.). Yellow fluorescent
mutant colonies were isolated from among the background of green fluorescent
colonies, and the plasmid DNA that was purified from these transformants was
designated pWM1008 (Fig. 1). A ClaI-, EcoRI-ended fragment from pWM1001
was ligated to ClaI-, EcoRI-digested pWM1008 to create the plasmid pWM1011.

Construction of the cfp plasmids pWM1009 and pWM1012. A fragment of the
cfp allele from pECFP (Clontech, Palo Alto, Calif.) was amplified using the
primer set YCFP59-CFP39 (Table 2). PCRs were carried out at 30 cycles of 1 min
at 95°C, 2 min at 50°C, and 3 min at 72°C. The amplified product was ligated to
pCR2.1 (Invitrogen, Carlsbad, Calif.). A NcoI-, BstBI-ended cfp fragment from
this plasmid was ligated to NcoI-, BstBI-digested pWM1007 to create plasmid
pWM1009 (Fig. 1). A ClaI-, EcoRI-ended fragment from pWM1001 was ligated
to ClaI-, EcoRI-digested pWM1009 to create the plasmid pWM1012.

Plasmid and fluorescence stability in vitro. C. jejuni cells transformed with
pWM1007, pWM1008, or pWM1009 were plated onto BA amended with 200 mg
of kanamycin per ml (BA-KM) and grown for 48 h as described above. Cells were
then streaked onto BA medium and grown under microaerophilic conditions at
42°C. Cells were removed after 24 h, resuspended in PBS, diluted 1024, 1025,
and 1026, and plated on BA and BA-KM media. The colonies on each plate were
counted after 24 h; the nonfluorescent colonies were counted using an MZ-FLIII
fluorescence stereomicroscope. This procedure was repeated for 5 to 10 days. BA
is slightly fluorescent at CFP excitation and emission wavelengths, thereby com-
plicating detection of the cyan fluorescent C. jejuni colonies. To increase con-
trast, the culture medium was amended with 0.4% bacteriological charcoal.

Fluorescence microscopy of C. jejuni cells and colonies. Bacterial colonies
were photographed using a Leica MZ-FLIII fluorescence stereomicroscope
equipped with a DKC-5000 charge-coupled device (CCD) camera (Sony Medical
Systems, Park Ridge, N.J.); individual cells were photographed using a Leica
DM-RB epifluorescence microscope (Leica Microsystems) equipped with a Sony
DKC-5000 CCD camera. The GFP, YFP, and CFP filter sets used were 41017
Endow GFP, 41028 Yellow GFP, and 31044 v2. Cyan GFP, respectively, and
were obtained from Chroma Technology Corp.

Confocal laser scanning microscopy (CLSM). Confocal microscopy was per-
formed with a TCS NT confocal microscope (Leica Microsystems). An Ar laser
(excitation wavelength [lexc] 5 488 nm) was used to excite GFP and a Kr laser
(lexc 5 568 nm) was used to excite red autofluorescent chloroplasts, Alexa Fluor
546-stained molecules, or Alexa Fluor 568-stained cells. A He-Ne laser (lexc 5
633 nm) was used to excite BODIPY 650/665-stained actin filaments or SYPRO
Red-stained tissue. GFP fluorescence was detected with the BP525/50 filter set
and assigned the color green. Red autofluorescent or fluorescent Alexa Fluor
emissions were detected with the LP590 (two-color images) or BP600/30 (three-
color images) filter set and assigned the color red. Fluorescent BODIPY and
SYPRO emissions were detected with the LP645 filter set and assigned the color
blue. Two- or three-color images were obtained by overlaying images from
individual channels using the TCS NT software (version 1.6.551; Leica Micro-
systems).

Adherence of green fluorescent C. jejuni cells to chicken breast skin. 781gfp
cells were grown overnight on BA-KM, transferred to 35 ml of brucella broth
amended with 200 mg of kanamycin per ml (BB-KM), and grown overnight in a
vented tissue culture flask. The cells were centrifuged at 8,000 3 g for 8 min and
resuspended in PBS at an OD600 of ca. 0.8. A sample of fresh chicken breast skin
was first stained for 15 min with SYPRO Red protein gel stain, washed three
times with PBS, and incubated for 40 min at room temperature with the 781gfp

cell suspension. The skin was then washed three times with PBS, placed on a
glass slide with 50% glycerol in PBS, and observed under the CLSM.

Adherence and recovery of yellow and cyan fluorescent C. jejuni cells from
chicken breast skin. Strains 1221yfp, 1221cfp, 781yfp, and 781cfp were grown
overnight in BB-KM and centrifuged as described above. The cells were resus-
pended in PBS, and the OD600 for each suspension was measured. The suspen-
sions were then diluted in PBS to a final concentration of 106 CFU/ml. Two
mixtures containing 1221yfp and 781cfp (1:1) and 1221cfp and 781yfp (1:1) were
prepared and added (5 ml/g of tissue) to samples of fresh chicken breast skin.
The skin was incubated for 1 h at room temperature and washed for 5 min twice
with PBS. Adherent C. jejuni cells on the chicken skin were recovered by sto-
maching for 2 min in Preston selective enrichment broth (PSEB) (Preston me-
dium [43] supplemented with 10% lysed horse blood) (5 ml/g of tissue). The
PSEB, containing the recovered C. jejuni, was sonicated for 30 s, diluted, and
plated on CCDA medium (3) amended with 200 mg of kanamycin per ml
(CCDA-KM). As a control, each mixture was diluted and plated directly onto
CCDA-KM. Additionally, overnight broth cultures were adjusted to equivalent
OD600 values, mixed as described above, diluted, and plated onto BA-KM
amended with 0.4% bacteriological charcoal.

Adherence of C. jejuni cells to cilantro. Strain 1221gfp was grown overnight on
BA-KM and grown under microaerophilic conditions as described above. An
inoculum suspension was prepared by resuspending cells from the plate at a final
concentration of 109 cells/ml in 0.5 mM PBS. A fully developed cilantro leaf was
inoculated by immersing it in the Campylobacter suspension. The inoculated leaf

FIG. 1. gfp, yfp, and cfp plasmids. Each plasmid contains a Campylobacter-
derived kanamycin resistance gene (kan) and the mob (mob) and repB (rep)
genes required for replication in Campylobacter. Additionally, each plasmid
contains a Campylobacter origin of replication and the pBR322 ColE1 origin of
replication (not shown). (T1)4, four tandem copies of the T1 terminator from the
E. coli rrnB1 operon (5); Pc, consensus Campylobacter promoter (present only in
plasmids pWM1007-9); TIR, translation initiation region (8) containing a phage
T7 translational enhancer and a consensus Shine-Dalgarno region; T1, single
rrnB1 terminator; unique restriction sites: A, AgeI; B, BamHI; Bs, BstBI; C, ClaI;
E, EcoRI; N, NcoI; S, SalI; Sp, SphI; X, XbaI. Additional unique restriction sites
(Sm, SmaI; K, KpnI; and Sc, SacI) are present in some plasmids (pWM1001,
pWM1011, and pWM1012) between the BamHI and EcoRI sites in the MCS.

TABLE 2. Oligonucleotides used in this study

Primer Sequence

BspEco ..........59 AAT TGG GGC CCC 39
YFP1 .............59 ACT TGT CAC TAC TTT CGG TTA TGG TCT TCA

ATG CTT TGC AAG ATA CCC AGA TC 39
YFP2 .............59 AAC CAT TAC CTG TCC TAC CAA TCT GCC CTT

TCG 39
YCFP59 .........59 TGC CAT GGC CCA CCC TCG TGA CCA 39
CFP39 ............59 GGT TTC GAA AGG GCG GAC TGG GTG CTC AG 39
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was placed on a humid filter paper in a closed petri dish and incubated for 1 h
at 37°C. The leaf was rinsed gently three times in 0.5 mM PBS, mounted in
Aqua-Poly/Mount (Polysciences, Warrington, Pa.), and examined under CLSM.

Detection of internalized C. jejuni in Caco-2 cells. Caco-2 cells were seeded
onto round, glass coverslips, placed into a 24-well tissue culture dish, and grown
overnight, as described above, to a cell density of ca. 105 cells per well. The
coverslips in three wells were removed; the adherent cells were trypsinized and
counted on a hemocytometer to determine the average number of cells per
coverslip. 781gfp cells were grown in BB-KM as described above. The cells were
examined by epifluorescence microscopy and determined to be fluorescent and
primarily spiral shaped. The C. jejuni cells were centrifuged, resuspended in PBS,
and inoculated into the wells containing Caco-2 cells at a multiplicity of infection
of 200. After incubation of the inoculated Caco-2 cells at 37°C in a 5% CO2
incubator for 2 h, the tissue culture medium was removed and the cells were
washed three times with 1 ml of Earle’s balanced salt solution. Three sets of
coverslips were prepared.

In the first set, the C. jejuni cells and the Caco-2 cell tubulin were visualized.
The cells were fixed with 3.7% formalin for 10 min. After fixation, the Caco-2
cells on the coverslips were washed three times with PBS, treated with 1% glycine
in PBS for 10 min, washed three times with PBS, permeabilized with 0.1% Triton
X-100 in PBS for 5 min, and again washed three times with PBS. Following
permeabilization, the Caco-2 cells were treated with 1% bovine serum albumin
(BSA) in PBS (BSA-PBS) for 40 min to reduce nonspecific binding. The Caco-2
cells were then incubated with 50 ml of mouse monoclonal, anti-bovine a-tubulin
(200 mg of stock solution per ml in BSA-PBS, 2 mM NaN3, diluted to 0.5 mg/ml
in BSA- PBS; Molecular Probes Inc.) at 37°C for 1 h. The antibody conjugate was
removed and the cells were washed three times with PBS. The coverslips were
incubated in the dark for 1 h with 50 ml of Alexa Fluor 546 goat anti-mouse IgG
(heavy and light chain) conjugate (2 mg of stock solution per ml in 0.1 M NaPO4,
0.1 M NaCl, 2 mM NaN3 [pH 7.5] diluted to 5 mg/ml in BSA-PBS), washed three
times with PBS, and mounted on a slide. The C. jejuni and Caco-2 cells were
observed under CLSM.

Fresh tissue culture medium, amended with 200 mg of gentamicin per ml, was
added to the second and third set of coverslips, and the Caco-2 cells were
incubated for 2 h at 37°C as described above. The gentamicin was then removed
by gently washing the cells three times with 1 ml of Earle’s balanced salt solution.
The second set of coverslips was used to determine the average number of
internalized C. jejuni bacteria per Caco-2 cell. Internalized C. jejuni cells were
quantified by lysing the Caco-2 cells with 0.1% Triton X-100 for 15 min at room
temperature, and then plating serial dilutions of the lysate on BA-KM and
CCDA-KM. It was determined previously that Caco-2 cells were insensitive to
gentamicin at 200 mg/ml and that C. jejuni cells were not affected by a 15-min
incubation in 0.1% Triton X-100.

To visualize antibody-labeled C. jejuni cells and actin filaments in the third set,
phalloidin and a polyclonal antiserum raised against C. jejuni were used. The
Caco-2 cells on the remaining coverslips were fixed, permeabilized, and blocked
as described above. The coverslips were incubated with anti-Cj IgG (10 mg/ml in
BSA-PBS) for 1 h and then washed three times with BSA-PBS. Alexa Fluor 568
goat anti-rabbit IgG (heavy and light chain) conjugate (5 mg/ml in BSA-PBS) was
added. After incubation for 1 h, the antibody conjugate was removed by washing
the coverslips three times in BSA-PBS. Actin filaments were stained by incubat-
ing the Caco-2 cells for 20 min with BODIPY 650/665-conjugated phalloidin (0.3
mM in BSA-PBS) for 20 min. After incubation, the coverslips were washed three
times with PBS and mounted with ProLong Antifade (Molecular Probes Inc.) on
microscope slides. The cells were observed under CLSM.

Nucleotide sequence accession numbers. The nucleotide sequences of the plas-
mids pWM1001, pWM1007, pWM1008, pWM1009, pWM1011, and pWM1012
have been submitted to the GenBank nucleotide database under the accession
numbers AF292555, AF292556, AF292557, AF292558, AF292559, and AF292560,
respectively.

RESULTS

Construction of gfp, yfp, and cfp shuttle plasmids. Our goal
was to construct two sets of shuttle plasmids for transforming
Campylobacter jejuni. The first set would contain either gfp, yfp,
or cfp downstream of a multicloning site (MCS), into which
uncharacterized genomic DNA fragments or DNA fragments
containing a known promoter sequence could be cloned. The
second set would contain the same reporter genes fused to a
strong, constitutively expressed promoter. Campylobacter cells
transformed with any plasmid from this second set would be
intrinsically labeled and would presumably fluoresce under all
environmental conditions. To construct a gfp shuttle plasmid
suitable for use in C. jejuni, we modified an existing Campy-
lobacter shuttle plasmid by inserting a gfp-containing promoter
probe cassette. The Campylobacter plasmid that we used was
pMW10 (49). This plasmid, derived from Campylobacter coli

plasmid pIP1433 (41), contains a Campylobacter origin of rep-
lication, the repB and mob genes necessary for replication and
mobilization, a Campylobacter-derived kanamycin resistance
gene, and the ColE1 origin of replication from pBR322. The
promoter-probe cassette that we selected was the gfp cas-
sette from pNH18/8 (30). This cassette can be excised from
pNH18/8 by NotI and contains, from left to right, four copies of
the E. coli rrnB1 T1 terminator (5), the pUC18 MCS, an op-
timized translation initiation region (8), the gfp gene, and a
single T1 terminator. The four upstream terminators effec-
tively reduce background GFP fluorescence by shielding the
gfp gene from transcription initiating outside the cassette (30).
Strong promoters may interfere with plasmid replication (38);
the downstream terminator minimizes any potential interfer-
ence (4, 38). The lacZ gene in pMW10 and the restriction sites
present 59 of lacZ were replaced by the promoter-probe cas-
sette from pNH18/8 to create the plasmid pWM1001.

A strong promoter, one that could be reasonably predicted
to be insensitive to all regulatory signals, was required to create
a set of plasmids that could be used to tag C. jejuni cells. We
first constructed an artificial, constitutive, promoter sequence
by annealing together two oligonucleotides. The promoter (Pc)
contained in this DNA fragment is based on the consensus
promoter sequence of Wösten et al. (49). The 235, 216, and
210 motifs were left intact; nonconserved bases were opti-
mized in order to minimize potential RNA secondary struc-
ture. This promoter fragment was ligated into the MCS of
pWM1001 to create the plasmid pWM1007.

To construct Pc-yfp and Pc-cfp marker plasmids, pWM1007
was mutagenized using in vitro site-directed mutagenesis
(see Materials and Methods). A yellow fluorescent variant
of pWM1007 was isolated and designated pWM1008. This
mutagenesis procedure, however, did not result in any cyan
fluorescent mutants. Therefore, a cyan fluorescent variant of
pWM1007 was constructed by amplifying a segment of the cfp
gene of pECFP (Clontech) and ligating it into pWM1007. The
resulting Pc-cfp fusion plasmid was designated pWM1009. Fi-
nally, promoterless versions of pWM1008 and pWM1009 were
constructed by replacing the MCS-Pc region in these two plas-
mids with the MCS from pWM1001, creating the plasmids
pWM1011 and pWM1012, respectively.

Characterization of shuttle plasmids. To verify that the gfp-,
yfp-, and cfp-containing plasmids would function in C. jejuni,
the C. jejuni strain RM1221 (Table 1) was transformed with ei-
ther pWM1007 (1221gfp), pWM1008 (1221yfp), or pWM1009
(1221cfp). Electroporation of RM1221 with E. coli-derived
DNA was not successful. Therefore, we first mobilized the
shuttle plasmids into a Smr variant of RM1221 (RM1221S) by
triparental mating. Although the mating efficiency was low,
DNA isolated from the RM1221S transformants could then be
electroporated into wild-type RM1221 at a high frequency.
DNA isolated from RM1221 could also be used to electropo-
rate other C. jejuni strains, such as ATCC 43446 (Table 1);
however, many other C. jejuni strains (10 out of 15 tested)
could not be so transformed, suggesting a possible restriction
barrier (data not shown). Colonies and individual cells of
1221gfp, 1221yfp, and 1221cfp are shown in Fig. 2. Individual
C. jejuni cells were photographed with either their cognate
filter set (i.e., 1221yfp with the yfp filter set) or the other two
filter sets (Fig. 2B). 1221yfp, 1221gfp, and 1221cfp cells are
strongly fluorescent when viewed with the yfp, gfp, or cfp filter
set, respectively. No fluorescence is seen when 1221gfp or
1221cfp cells are viewed with the yfp filter set; also, no fluo-
rescence is seen when 1221yfp or 1221gfp cells are visualized
with the cfp filter set. However, there is considerable back-

VOL. 66, 2000 CAMPYLOBACTER MARKER PLASMIDS 5429



FIG. 2. Fluorescence of C. jejuni RM1221 transformed with Pc-gfp, Pc-yfp or Pc-cfp fusion plasmids. RM1221 was transformed with either pWM1007 (1221gfp),
pWM1008 (1221yfp), or pWM1009 (1221cfp). (A) Colonies of 1221gfp, 1221yfp, or 1221cfp. All three strains were grown on BA-KM amended with bacteriological
charcoal. Colonies were photographed using a Leica MZ-FLIII fluorescence stereomicroscope equipped with appropriate filters and a Sony DKC-5000 CCD camera.
(B) Individual 1221gfp, 1221yfp, or 1221cfp cells visualized using the gfp, yfp, and cfp filter sets. Cells were visualized using a Leica DM-RB epifluorescence microscope
equipped with a Sony DKC-5000 CCD camera.
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ground fluorescence when 1221yfp or 1221cfp cells are viewed
with the gfp filter set.

Many additional C. jejuni strains transformed with pWM1007,
pWM1008, or pWM1009 were equally fluorescent (data not
shown). Additionally, E. coli, Salmonella enterica serovar New-
port, Enterobacter sp., and Pantoea agglomerans cells trans-
formed with these plasmids are very fluorescent (data not
shown) suggesting that these plasmids can be used to tag mul-
tiple enteric taxa.

Plasmid and fluorescence stability in C. jejuni. One set of
gfp, yfp, and cfp plasmids (pWM1007, pWM1008, and pWM1009,
respectively [Fig. 1]) contains a constitutively expressed tran-
scriptional fusion that can be used to intrinsically tag C. jejuni
cells. The successful use of these plasmids requires that the
fluorescence of Campylobacter cells that have been trans-
formed with these vectors be stable, in the absence of antibiotic
selection, over any experimental time course. Fluorescence can
be lost over time in two ways: the plasmid can be lost from the
cell or the reporter gene can become inactive, either through
deletion of the reporter gene or the accumulation of deleteri-
ous point mutations.

The stability of the shuttle plasmids in vitro was quantified
by determining the ratio of colonies on media with (BA-KM)
and without (BA) kanamycin. After each subculture, the ratio
of the number of colonies on BA-KM to that on BA was
around 1.0 (Fig. 3A and B), indicating that the shuttle plasmids
are stably maintained in C. jejuni in the absence of antibiotic
selection. A previous experiment with 43446gfp and 1221gfp
showed that pWM1007 is maintained after least 10 passages
(data not shown).

The percentage of fluorescent cells was calculated after each
subculture. Over 90% of the 1221gfp, 1221yfp, or 1221cfp cells
remained fluorescent after five subcultures (Fig. 3C). How-
ever, although .91% of the 43446yfp or 43446cfp cells re-
mained fluorescent after five subcultures, the fluorescence of
43446gfp cells was rapidly lost over time and was negligible
after four subcultures (Fig. 3D). A previous experiment with
43446gfp revealed that .91% of the cells remained fluorescent
after 10 days (data not shown). Analysis of plasmid DNA
isolated from nonfluorescent colonies of 43446gfp indicated
that the loss of fluorescence is due to deletion of gfp (data not
shown), presumably caused by recombination between the T1
terminators 59 and 39 of the reporter gene (30). We have
transformed several additional strains of C. jejuni with the
three shuttle plasmids. Fluorescence appears to be stable in all
of the C. jejuni strains tested in vitro with the exception of
43446gfp (data not shown).

To assess the stability of the shuttle plasmids in vivo, 24-day-
old White Leghorn chickens were gavaged with 107 1221yfp,
1221cfp, 781yfp, or 781cfp cells alone or in combination. At
various intervals, a chicken from each group was sacrificed and
the enteric tissue was removed. Sections of enteric tissue were
incubated in PSEB for 18 h under normal growth conditions.
The PSEB was then diluted and plated on CCDA. One hun-
dred percent of the recovered colonies were fluorescent 19
days after inoculation (data not shown).

Visualization of transformed C. jejuni cells on poultry, on
plant surfaces, and after invasion of Caco-2 cells. To assess the
versatility of the fusion plasmids for use in fluorescence mi-
croscopy, we inoculated chicken breast skin and a cilantro
(Coriandrum sativum L.) leaf with green fluorescent C. jejuni to
verify that there is sufficient fluorescence emitted by the bac-
teria to visualize individual cells against these backgrounds.
Spiral forms of 781gfp cells are clearly visible on chicken skin
counterstained with SYPRO Red (Fig. 4A). Green or yellow
fluorescent C. jejuni was also visible on chicken skin counter-

stained with other dyes (e.g., SYPRO Orange [data not
shown]). Green fluorescent 1221gfp cells were easily visualized
against the red autofluorescence of the epidermis of a cilantro
leaf (Fig. 4B). Green fluorescent C. jejuni was also visible on
leaves of spinach and red leaf lettuce contained in commercial
Spring Mix (data not shown).

To determine whether tagged C. jejuni cells could be visu-
alized after internalization into Caco-2 cells and if internalized

FIG. 3. Plasmid and fluorescence stability of pWM1007, pWM1008, and
pWM1009 in C. jejuni ATCC 43446 and RM1221. Subculture 0 represents cells
grown on BA-KM; subcultures 1 through 5 represent cells grown on BA. Error
bars indicate the standard error of the mean. (A and B) Stability of pWM1007
(white bars), pWM1008 (black bars), or pWM1009 (striped bars) in RM1221 (A)
and ATCC 43446 (B). Each data point represents the average ratio from three
replicate sets of plates. (C and D) Stability of gfp (white bars), yfp (black bars),
or cfp (striped bars) in transformed RM1221 (C) and ATCC 43446 (D) on
BA-KM. Each data point represents the average value from three replicate sets
of plates.
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cells could be detected by a C. jejuni polyclonal antiserum,
gfp-transformed C. jejuni cells were used in invasion assays with
cultured Caco-2 cells. There was no decrease in internalization
compared to D781 when 781gfp, 781yfp, or 781cfp cells were
incubated with Caco-2 cells (data not shown), indicating that
neither the presence of the plasmid nor the fluorescent pro-
tein, per se, affected invasion. Spiral, green fluorescent 781gfp
cells were readily visible after internalization in Caco-2 cells
stained with antitubulin antibodies (Fig. 4C). 781gfp cells were
also visible in Caco-2 cells after a 2-h treatment with gentami-

cin (200 mg/ml), added to kill extracellular Campylobacter (Fig.
4D). In this experiment, the Caco-2 cells were permeabilized,
after incubation with C. jejuni, and then probed with an anti-C.
jejuni polyclonal antiserum and an Alexa Fluor 568-labeled
secondary antibody conjugate. A small percentage of the in-
ternalized cells were detected by the antiserum (Fig. 4D).
However, the polyclonal antiserum and secondary antibody
conjugate detected 100% of the 781gfp cells on a slide mount
(data not shown), suggesting either that epitope expression
had been altered in internalized C. jejuni or that only a fraction

FIG. 4. Representative CLSM images of fluorescent C. jejuni associated with various tissues or internalized within Caco-2 cells. Images were magnified 6303 (A,
B, and D) or 1,0003 (C). Scale bars represent 20 mm. (A) Extended focus image of 781gfp cells attached to chicken breast skin. (B) Projection of 35 x-y sections showing
1221gfp cells associated with a physical lesion on a cilantro leaf. (C) 781gfp internalized within Caco-2 cells. (D) Extended focus image of 781gfp internalized within
Caco-2 cells. The tissue sample was scanned in the z plane in 0.5- to 1-mm sections. Arrows indicate internalized C. jejuni cells (red) detected by the polyclonal sera
and Alexa Fluor 568 goat anti-rabbit IgG.
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of the internalized 781gfp cells were accessible to the antisera.
Highly green fluorescent cells labeled with the Alexa 568 an-
tibody conjugate should appear yellow in overlay; however, no
yellow cells were visible. Control experiments indicated that
treating green fluorescent C. jejuni cells with antibodies greatly
reduced their fluorescence (data not shown). When the gain in
the green channel was increased, faint green fluorescent C.
jejuni cells were detected at the same location as the red cells;
therefore, these red cells do indeed represent green fluores-
cent Campylobacter cells that were detected by the antisera.

Aggregation and colony morphology of yellow and cyan flu-
orescent C. jejuni transformants. The C. jejuni strains RM1221
and D781 were isolated from chicken (Table 1). To determine
if these two strains adhere differently to chicken breast skin,
two mixtures were prepared: a 1:1 mixture of 1221yfp and
781cfp and a 1:1 mixture of 1221cfp and 781yfp. These mix-
tures were inoculated onto, and recovered from, a sample of
chicken skin. Two- to threefold more cyan fluorescent colonies
were seen when 1221cfp and 781yfp cells were mixed (Fig. 5A).

Also, two- to threefold more yellow fluorescent colonies were
seen when 1221yfp and 781cfp cells were mixed (Fig. 5B).
However, similar results were obtained when the inocula were
plated directly onto CCDA-KM (data not shown), suggesting
that the apparent difference between the number of RM1221
and D781 transformants is due to a discrepancy in the original
cell concentrations and is not due to differences in the adher-
ence of the two strains to chicken skin.

Over 6% of the colonies on CCDA-KM are sectored (data
not shown). In some instances, half of the colony is cyan and
the other half is yellow (Fig. 5A and B). Other colonies which
show different degrees of sectoring can also be seen (Fig. 5A,
upper right). As it is unlikely that a single point mutation could
convert a yellow fluorescent cell into a cyan fluorescent cell,
such sectored colonies are probably the result of aggregate
formation in the broth cultures or PBS suspensions. Bright-
field examination of a 1:1 broth culture mixture of RM1221
and D781 transformants indicates that a large proportion of
the C. jejuni cells in the mixture are contained in aggregates,

FIG. 5. Representative microscopic images of yellow and cyan C. jejuni colonies and cells following inoculation of chicken breast skin or after growth in vitro. (A,
B, and D) Colonies were photographed using a Leica MZ-FLIII fluorescence stereomicroscope equipped with the appropriate filters and a Sony DKC-5000 CCD
camera. Individual cells (C) were visualized using a Leica DM-RB epifluorescence microscope equipped with a Hamamatsu C4742-95 cooled CCD camera (Hamamatsu
Photonics K.K., Hamamatsu, Japan). Panels A, B, and D and the right half of panel C represent a composite of the same field photographed with the yfp and cfp filter
sets. The image obtained with the yfp filter set was overlaid onto the image obtained with the cfp filter set using Corel Photo-Paint9 (Corel Corp., Ottawa, Canada).
(A and B) Colonies of 1221cfp and 781yfp (A) or 1221yfp and 781cfp (B). Cells were inoculated onto a sample of chicken skin, removed, and grown on CCDA amended
with 200 mg of kanamycin per ml. (C) Bright-field (left half) and epifluorescent (right half) images of 781yfp and 1221cfp aggregates. Mixtures (1:1) of 781yfp and
1221cfp cells were grown for 24 h in BB, vortexed vigorously, and observed as a wet mount. The aggregates in the left half of panel C are not the same as those in the
right half. (D) Colonies of 1221cfp and 781yfp. Cells were grown for 24 h in BB-KM and plated on BA-KM amended with 0.4% bacteriological charcoal.
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even after vigorous vortexing of the mixture (Fig. 5C, left half).
Some aggregates contain both yellow fluorescent and cyan
fluorescent cells (Fig. 5C, right half); other aggregates contain
only yellow fluorescent cells or only cyan fluorescent cells (data
not shown).

When a broth culture mixture of 1221cfp and 781yfp is
plated on BA-KM (Fig. 5D), the cyan fluorescent 1221cfp
transformants appear to have a much different colony mor-
phology than the yellow fluorescent D781 transformants; sev-
eral yellow fluorescent colonies are completely encompassed
by cyan fluorescent cells. Similarly, mixtures of 1221yfp and
781cfp plated on the same medium result in cyan fluorescent
colonies surrounded by yellow fluorescent cells (data not
shown). However, neither the sectored colonies nor the colo-
nies in which the D781 transformants are enveloped by the
RM1221 transformants can be distinguished from the other
colonies under bright-field examination (data not shown).

DISCUSSION

We have constructed two sets of Campylobacter shuttle vec-
tors which contain either the gfp, yfp, or cfp reporter gene.
These plasmids confer kanamycin resistance and have two
origins of replication, the ColE1 origin from pBR322 and a
Campylobacter-derived origin, which allow these vectors to be
maintained in both C. jejuni and several enteric taxa. In one set
of plasmids, the reporter gene is promoterless. A MCS from
pUC18, present upstream of the reporter gene, provides sev-
eral unique restriction sites into which known promoter se-
quences or random genomic fragments can be inserted. These
vectors are particularly valuable in conjunction with a fluores-
cence-activated cell sorter where cells containing transcrip-
tional fusions that are induced by certain environmental stim-
uli can be separated from the larger population (44, 45).

In the other set of plasmids, the reporter gene is fused to an
artificial Campylobacter promoter sequence (Pc). This se-
quence contains the 235, 216, and 210 motifs that have been
proposed to constitute the s70 promoter in Campylobacter
(49). As the promoter motifs were constructed to be consensus
at each position and the nonconserved bases surrounding the
motifs were adjusted to minimize potential RNA secondary
structure, this promoter was predicted to be very strong; in-
deed, cells tagged with these Pc fusion plasmids are extremely
fluorescent (Fig. 2, 4, and 5). Additionally, although the Pc
promoter was based on a compilation of several putative
Campylobacter promoter sequences (49), this promoter can
function in several enteric taxa. No binding sites for regulatory
proteins (e.g., Cap and Fur) were inserted, and no promoters
for alternate s factors (i.e., s28 and s54) are present; therefore,
this promoter should be constitutive and insensitive to many
environmental and nutritional regulatory signals. However, the
effect of other regulatory signals, such as DNA supercoiling, on
transcription from the Campylobacter promoter has not been
addressed.

While both sets of plasmids are stable in the absence of
antibiotic selection in C. jejuni and in most laboratory strains of
E. coli (e.g., DH5a) in vitro, they are not maintained, under the
same conditions, in some enteric strains (data not shown). This
is probably because rop is absent, as in the pUC plasmids,
leading to a higher copy number (28), which may be detrimen-
tal to some strains. Also, in some strains transformed with the
Pc fusion plasmids, fluorescence may be lost over time. This
loss of fluorescence is due to the deletion of the reporter gene,
presumably following recombination between the rrnB1 T1
terminators (30), and is independent of the presence of kana-
mycin in the culture medium (data not shown). We have trans-

formed multiple strains of C. jejuni with all three fusion plas-
mids; only the strain 43446gfp shows any fluorescence
instability in vitro (Fig. 3C). Fluorescence is stable in 43446yfp
and 43446cfp (Fig. 3C). However, fluorescence was also ini-
tially stable in 43446gfp; therefore, it is possible that 43446yfp
and 43446cfp may eventually show the same instability. If so,
then the high rate of homologous recombination in these three
strains may reflect a difference in the genotype of ATCC 43446
as compared to other C. jejuni strains. Additional C. jejuni
strains may show a similar loss of fluorescence over time;
therefore, although fluorescence is stable in most transformed
C. jejuni strains, it would be advisable to test fluorescence
stability in all mobilized strains before using them in situ. Also,
although low fluorescence stability in vitro might suggest low
stability in vivo, high fluorescence stability in vitro does not
always reflect high stability in vivo. However, fluorescence sta-
bility would only have an impact when the transformants un-
dergo multiple rounds of cell division. Where fluorescence is
unstable, the proportion of the nonfluorescent subpopulation
would increase with successive generations. For some experi-
ments, such as attachment to chicken skin, the effect of fluo-
rescence stability would be minimal. In other cases, where the
time course of an experiment is measured in days or weeks,
fluorescence stability would be much more important. In one
such experiment, 24-day-old White Leghorn chickens were ga-
vaged with RM1221 and D781 transformants. One hundred
percent of the Campylobacter colonies recovered from enteric
tissue 19 days after inoculation, in the absence of antibiotic
treatment (data not shown), were fluorescent, suggesting that
under certain conditions fluorescence is stable in vivo. Other
animal or plant hosts or other conditions in which these trans-
formants might be used have not been tested.

The multiple fluorescent proteins encoded by these vectors
permit the design of experiments in which the same sample is
inoculated simultaneously with two or more tagged strains. In
one such experiment, a sample of chicken breast skin could be
inoculated with a mixture containing a yellow and a cyan flu-
orescent C. jejuni strain. Differences in the adherence of the
two strains would be reflected in the number of yellow and
cyan fluorescent colonies present after recovery and plating.
To test whether two strains adhere differently to chicken skin,
we coinoculated chicken skin with fluorescent D781 and
RM1221 transformants. While no difference was seen in the
adherence of D781 or RM1221 to chicken skin, a large number
of sectored colonies were detected, in which a single colony
contained both yellow and cyan fluorescent cells. These colo-
nies are not due to the conversion of one fluorescent pheno-
type to the other, but probably originate from aggregates of C.
jejuni cells in the sample (Fig. 5C). A colony which is half
yellow and half cyan (Fig. 5A and B) might result from a yellow
fluorescent cell and a cyan fluorescent cell. Other colonies,
where one fluorescent phenotype represents a small percent-
age of the total colony (Fig. 5A, upper right), suggest aggre-
gates containing a much larger number of cells. Over 6% of the
colonies on CCDA-KM are sectored; as an aggregate of yellow
or cyan fluorescent C. jejuni would result in a yellow or cyan
flourescent colony, respectively, this figure probably represents
the minimum number of colonies that resulted from an aggre-
gate. These aggregates, containing yellow fluorescent cells,
cyan fluorescent cells, or a mixture of the two, were present
even though the samples were sonicated or vortexed vigorously
before plating (Fig. 5C). Therefore, standard plate counts of C.
jejuni may significantly underestimate the number of cells in a
sample. Of greater concern is the fact that since RM1221 and
D781 cells were able to form aggregates, any colony that arose
from such an aggregate would not represent a single strain of
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C. jejuni. Thus, it may be difficult to obtain a pure culture of C.
jejuni from an environmental sample (e.g., poultry) via enrich-
ment, plating, and isolation using single colony picks.

Additionally, RM1221 transformants appear to have a much
different colony morphology on BA-KM than the D781 trans-
formants (Fig. 5D). This difference, however, is not seen when
the cells are plated on CCDA (Fig. 5A and B). The alteration
in colony morphology on CCDA may reflect reduced motility.
Sodium deoxycholate, present in CCDA at a concentration of
0.1%, has been shown to inhibit the motility of Proteus mirabilis
and E. coli (13).

The fusion plasmids described in this paper represent a
significant addition to the molecular tools available to study
Campylobacter adherence and invasion. C. jejuni cells trans-
formed with the gfp vector pWM1007 are clearly visible on
chicken skin (Fig. 4A) and on leaf surfaces (Fig. 4B). Also,
transformed C. jejuni are readily detected after internalization
into Caco-2 cells (Fig. 4C and D), in agreement with the
observations reported by Konkel et al. on the binding of gfp-
tagged C. jejuni to INT-407 cells (25). The ability to intrinsi-
cally tag Campylobacter cells with gfp, yfp, or cfp fusion plas-
mids obviates other procedures that are more destructive or
time-consuming or that require the addition of an exogenous
substrate. Since GFP is extremely stable and is constitutively
expressed in cells transformed with these fusion plasmids, cells
thus tagged can be monitored over the course of several days
after inoculation without the decay of fluorescence or the di-
lution of fluorescence due to cell division. These plasmids also
offer an improvement in the detection of internalized Campy-
lobacter in contrast to those procedures that use polyclonal or
monoclonal antisera and immunofluorescence to detect inter-
nalized C. jejuni (21, 24). Whereas our C. jejuni-polyclonal
antiserum detected close to 100% of the cells in vitro (data not
shown), only a fraction of the C. jejuni cells were detected by
the antiserum after invasion (Fig. 4D). Relying solely on im-
munofluorescence analyses might therefore underestimate the
proportion of internalized cells.
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